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Carbon fiber-based electrically conductive concrete for salt-free deicing of
pavements
Abstract
Traditional methods of removing snow/ice from pavements involve application of deicing salts and
mechanical removal that carry environmental concerns. In this study, the feasibility of applying carbon fiber-
based electrically conductive concrete (ECON) in heated pavement systems (HPS) as an alternative to
traditional methods was investigated. Optimum carbon fiber dosage to achieve desirable electrical
conductivity and avoid excessive fiber use was determined by studying carbon fiber percolation in different
cementitious composites. System design was evaluated by finite element (FE) analysis. Heating performance
in terms of energy consumption regime was studied by quasi-long-term (460-day) experimental study using a
prototype ECON slab.
Percolation transition zone of carbon fiber in paste, mortar, and concrete were respectively 0.25–1% (Vol.),
0.6–1% (Vol.), and 0.5–0.75% (Vol.). Optimum fiber dosage in ECON with respect to conductivity was
0.75%, resulting in volume conductivity of 1.86 × 10−2 (S/cm) at 28 days and 1.22 × 10−2(S/cm) at 460 days
of age. Electrical-energy-to-heat-energy conversion efficiency decreased from 66% at 28 days to 50% at
460-day age. The results showed that the studied technology could be effectively applied for ice/snow melting
on pavement surfaces and provide a feasible alternative to traditional methods if the ECON mixing
proportions and system configurations are made with necessary precautions.
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Abstract 8 
Traditional methods of removing snow/ice from pavements involve application of deicing salts 9 
and mechanical removal that carry environmental concerns. In this study, the feasibility of 10 
applying carbon fiber-based electrically conductive concrete (ECON) in heated pavement 11 
systems (HPS) as an alternative to traditional methods was investigated. Optimum carbon fiber 12 
dosage to achieve desirable electrical conductivity and avoid excessive fiber use was determined 13 
by studying carbon fiber percolation in different cementitious composites. System design was 14 
evaluated by finite element (FE) analysis. Heating performance in terms of energy consumption 15 
regime was studied by quasi-long-term (460-day) experimental study using a prototype ECON 16 
slab.  17 
Percolation transition zone of carbon fiber in paste, mortar, and concrete were 18 
respectively 0.25-1% (Vol.), 0.6-1% (Vol.), and 0.5-0.75% (Vol.). Optimum fiber dosage in 19 
ECON with respect to conductivity was 0.75%, resulting in volume conductivity of 1.86×10-2 20 
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Abbreviations: ECON- Electrically conductive Concrete, HPS- Heated Pavement 
System(s), PCC- Plain Portland Cement Concrete, FE- Finite Element, HRWR- High Range 
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(S/cm) at 28 days and 1.22×10-2(S/cm) at 460 days of age. Electrical-energy-to-heat energy 21 
conversion efficiency decreased from 66% at 28 days to 50% at 460-day age. The results showed 22 
that the studied technology could be effectively applied for ice/snow melting on pavement 23 
surfaces and provide a feasible alternative to traditional methods if the ECON mixing 24 
proportions and system configurations are made with necessary precautions.   25 
 26 
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1 Introduction 29 
Traditional methods of ice/snow removal from pavements are using deicing chemicals 30 
combined with mechanical removal that are associated with large manpower, sophisticated 31 
machinery, environmentally harmful chemicals, and damage to pavement [1–6]. Application of 32 
deicing chemicals is especially associated with negative environmental impacts [7–12]. The salty 33 
runoff from pavement deicing operations is responsible for soil and water contamination [7–34 
9,11] and adverse health effects on plant life, aquatic life, and human societies [9–13]. Deicing 35 
chemicals constitute the majority of greenhouse gas emission associated with traditional deicing 36 
methods [14,15]. An increasing trend of global consumption of deicing chemicals has been 37 
reported over the past years making the already existing environmental concern even more 38 
challenging [16].  39 
Driven by the economic, safety, and environmental concerns of using deicing chemicals, 40 
numerous research efforts have been devoted to finding cleaner and more sustainable ways for 41 
safely removing ice and snow from pavements. Some of the emerging techniques for this 42 
purpose involve the application of superhydrophobic coatings on pavement surfaces [17–20], 43 
embedding electrically heating sheet/grille elements inside the pavement [4, 21]; and application 44 
of heated pavement systems (HPS) [22–27]. Previous studies have confirmed higher 45 
effectiveness and lower carbon footprint achieved by HPS, particularly in critical horizontal 46 
infrastructure systems such as airports [6, 14, 22]. Application of electrically conductive concrete 47 
(ECON) is an approach to heated pavements [22, 24, 28] which has so far been predominantly 48 
implemented using hydronic systems [25]. Sustainability and viability of an ECON HPS is 49 
governed by multiple factors that include, but are not limited to, materials selection, optimum 50 
material dosage rates, system design, service life, and energy consumption regime.   51 
Portland cement concrete (PCC) can be engineered by various materials to produce smart 52 
cementitious composites that exhibit certain non-structural performances, such as electrical 53 
conductivity, photocatalysis, and self-sensing properties [29–34]. ECON is a smart cementitious 54 
composite which is produced by modification of plain PCC [35]. Unlike plain cementitious 55 
composites in which electricity is mainly conducted through electrolytic conduction,  the 56 














is boosted by introducing an electrically conductive additives phase into the cementitious matrix. 58 
Previous studies have used various electrically conductive materials such as carbon-based and 59 
metallic fibers, powders, and granular solid particles to form the path of electronic conduction in 60 
cementitious composites, and suggested that carbonace us fiber-shaped materials with 61 
micrometer-scale diameter and 3-15 mm length provide superior performance [23, 30, 31, 37–62 
47]. Powder and granular materials are associated with high dosage, reduction of cementitious 63 
composite’s strength [48], and high cost especially n the case of nano-particles.  Although steel 64 
fiber is more effective in achieving resistive heating [49], addition of steel fiber to concrete mix 65 
is associated with drawbacks such as corrosion [48], high dosage [24], and prohibitions in critical 66 
infrastructures such as airports [50, 51]. In addition, modification of PCC with carbon fiber 67 
provides benefits in terms of mechanical performance and durability [38, 52–55], and hence 68 
reduces the contribution of maintenance operations t  the carbon footprint of the pavement [15]. 69 
Industrial-scale production of recycled carbon fiber from waste carbon fiber composites in recent 70 
years [56, 57] has provided environmental and economic incentives for its application in 71 
construction sector.   72 
Achieving high electrical conductivity in cementitious composites requires fiber 73 
percolation through the cementitious matrix; meaning that the volume fraction of fibers should 74 
be equal to or greater than the value which forms a continuous path of fibers touching one 75 
another [58–63]. The range of fiber content at which electrical conductivity abruptly increases is 76 
known as the percolation transition zone (or percolati n threshold) [64]. However, using 77 
electrically conductive additives beyond the percolati n threshold is costly without added 78 
benefit, while higher carbon fiber consumption adds to carbon footprint of ECON production. 79 
Therefore, knowing the percolation threshold is critical to designing an ECON HPS [41]. 80 
Percolation threshold of carbon fiber with different aspect ratios have been investigated by 81 
numerous studies [59, 60, 65–68]. The percolation threshold –and consequently the optimum 82 
carbon fiber volume fraction- varies by the type of cementitious composite (cement paste, 83 
mortar, or concrete), fiber aspect ratio, cementitious system, and aggregate system [59, 65, 68]. 84 
In this study, the performance sustainability of a carbon fiber-based ECON HPS is 85 
defined as the ability to melt ice and snow with as low energy consumption as possible over a 86 














minimized. The performance sustainability of an HPS depends on the specific system design 88 
used, i.e. electrode configuration, pavement depth, ac ieved conductivity level, and applied 89 
power [69]. Computer modeling is a powerful means to verify the feasibility of an HPS with a 90 
specific design under given circumstances [25, 70]. However, given an optimized material and 91 
system design, the time-dependent properties of ECON is still a factor that affects long-term 92 
performance. There is very limited information on the long-term electrical behavior of ECON 93 
systems. Regarding changes in electrical resistivity of concrete with age [65, 71, 72], this is a 94 
decisive factor with respect to the time-dependent s rviceability of the ECON HPS. 95 
Environmental and economic life cycle assessment (LCA) of the ECON HPS application, as 96 
encountered by the authors, requires knowledge of the long-term performance of the system and 97 
how its energy consumption varies over service life.  98 
This research aimed to investigate the quasi-long-term changes of electrical conductivity 99 
and heating performance of carbon fiber-based electrically conductive concrete (ECON) for 100 
application in heated pavement system (HPS). To minimize carbon fiber consumption, the 101 
optimum dosage of carbon fiber was determined by investigating the percolation threshold in 102 
different types of cementitious composites. The ECON HPS configuration was designed based 103 
on a finite element (FE) model analysis. To evaluate the energy consumption of the ECON HPS 104 
for snow melting, the heating performance of ECON HPS was examined through a prototype 105 
laboratory-scale ECON HPS slab. 106 
2 Methodology  107 
2.1 Research approach 108 
Optimum carbon fiber dosage is defined as a carbon fi er volume above which additional fiber 109 
does not exert significant improvement on conductivity. This optimum fiber content is known as 110 
the percolation threshold. In this work, the percolati n threshold of carbon fibers was determined 111 
in cementitious paste, mortar, and concrete. Once the material dosage rate was determined, an 112 
electrically conductive concrete (ECON) heated pavement system (HPS) design previously 113 
developed by the authors [51, 69, 70] was analyzed by a finite element (FE) model and evaluated 114 
experimentally for performance sustainability over time according to US standards. Performance 115 














[73]. Electrical resistivity measurements were performed using 1kHz AC with embedded copper 117 
mesh electrodes in saturated surface-dry (SSD) conditi  as described in [74]. Electrical 118 
conductivity [in S/cm] was calculated as reciprocal of resistivity [in Ω-cm]. 119 
2.2 Materials  120 
The electrically conductive cementitious composite tudied in this research is intended to be used 121 
in heated pavement systems (HPS), particularly in horizontal systems such as airfields, 122 
highways, and bridges. Therefore, all mixture propotions and materials conformed to Iowa 123 
Department of Transportation (Iowa DOT) Materials I.M. 529 specification and Federal Aviation 124 
Administration (FAA) advisory circular 150-5370-10G. High-range water reducing admixture 125 
was type F conforming to ASTM C 494. Methylcellulose in fine powder form was used as a fiber 126 
dispersive agent (FDA) at a dosage of 0.4 % by weight of cementitious materials; the FDA was 127 
dissolved in the mix water before being added to the batch as explained in [75]. The physical 128 
properties of raw materials are presented in Table 1 and the chemical compositions of 129 
cementitious materials are given in Table 2. 130 
Chopped carbon fiber was polyacrylonitrile (PAN)-based with 7.2 µm diameter, 6 mm 131 
nominal length, 95% carbon content, and electrical esistivity of 1.55 × 10-3 Ω-cm. Previous 132 
studies [68] have shown that in fiber dosage rates below 1% (Vol.), carbon fibers with aspect 133 
ratio about 800-900 provide superior performance in t rms of electrical percolation. In previous 134 
work by the authors [75], it was verified that, although carbon fibers with aspect ratio greater 135 
than 900 are more effective in improving electrical onductivity of the cementitious composite, 136 
they reduce the workability and surface finishability of the composite. Therefore, a carbon fiber 137 
with nominal aspect ratio of 833 was used in this study to ensure performance adequacy and 138 














2.3 Determination of Optimum Carbon Fiber Dosage Rate 140 
2.3.1 Cementitious Paste and Mortar 141 
Carbon fiber-based cement paste samples were prepared using the proportions in Table 3. The 142 
mortar mixtures were made using the proportions given n Table 4. Water-to-cementitious mass 143 
ratio (W/C) of 0.42 was maintained in all paste andmortar mixtures. 144 
Sand-to-cementitious ratio was fixed at 1.1; while carbon fiber dosage rate was selected 145 
as the variable mix component in mortar samples. The volume of paste was defined as the 146 
volume of carbon fiber-cementitious matrix composite, i.e. the total volume of carbon fibers, 147 
cementitious materials, and water.  Because the fibers were replacing a portion of sand, the sand-148 
to-paste volume ratios (Sand/Paste) of mixtures were subject to small variations as seen in Table 149 
4. Six 50-mm cubic specimens with embedded copper mesh electrodes were obtained from each 150 
paste and mortar mix. The cubes were cured in the mold for one day and then cured in moist 151 
room at 23°C for seven days. 152 
2.3.2 Concrete  153 
To investigate the percolation threshold of carbon fiber in concrete and long-term change of 154 
resistivity, ECON samples were prepared at different volume fractions of carbon fiber. Table 5 155 
shows the mixing proportions of ECON samples. The sand-to-paste volume ratio (sand/paste) 156 
was kept as close to that used in the mortar mixtures as possible. With addition of carbon fiber 157 
into the mix design, the C/F and sand/paste ratios varied between mixtures, because carbon fiber 158 
was replacing a portion of fine aggregate. The fiber-dispersive agent was also included in the 159 
zero-fiber mixture for consistency. High range water reducer (HRWR) in a dosage of 0.5% by 160 
weight of cementitious materials was used in all mixtures to achieve a slump of 38-50 mm. 161 
Concrete mixtures were prepared in a 0.08 m3 drum mixer. 162 
Three batches were prepared with each mixture design, and six cylindrical and three 163 
cubic specimens, as shown in [75], were prepared for each batch. Ambient conditions during 164 
sample preparation, curing and testing were the same as the paste and mortar tests. Electrical 165 
resistivity measurements were performed at 3, 7, 28, 56, 90, 150, 209, and 460 days of age. 166 














2.4 System Design Control with Finite Element Evaluation of the ECON HPS 168 
Performance  169 
System design of an ECON HPS encompasses the electrod  shape/type, electrode location, 170 
material and number of layers, layer thickness, power source (AC/DC), and electrical and 171 
thermal properties of the ECON. A schematic of a typical ECON heated pavement system is 172 
presented in Figure 1. To estimate the performance of the system before building the actual 173 
experimental setup, a finite element (FE) model of the designed slab was built in ANSYS 18.2. 174 
SOLID5 elements were used to model the regular concrete and ECON layers and PLANE13 175 
elements were used to model the electrodes. These el m nts are capable of handling 176 
thermoelectric loads and responses. Since all sidesof the slab other than the surface were 177 
isolated, it was assumed that heat transfer is negligible from all sides except the slab’s top 178 
surface. A convection load was applied to the surface of ECON layer to account for the heat loss 179 
from the surface to the ambient.  Material properties including electrical resistivity, heat capacity 180 
and thermal conductivity were considered in this analysis. Weather conditions applied to the 181 
model included ambient temperature and wind speed. El ments of the developed FE model are 182 
shown in Figure 2. 183 
A transient solution was performed to find the trend of temperature increase over time. 184 
The time step used for this solution was 5 minutes, which was considered to be sufficiently small 185 
for this case. Note that, although developing a 2D model would be sufficient for the purpose of 186 
current study, a 3D model was developed to be used in future studies by applying asymmetric 187 
loads. 188 
2.5 Experimental Evaluation of ECON HPS Performance  189 
After verification of the system design by FE modeling, a prototype ECON HPS slab was built 190 
and tested to evaluate the performance and validate the modeling approach. Fiber dosage was 191 
based on the percolation threshold value. A mixture containing 0.75% (by volume) carbon fiber 192 
was used to prepare a prototype slab with embedded electrodes and temperature sensors as 193 
illustrated in Figure 3. The electrode configuration and materials were selected as described in 194 
[76]. The slab was prepared in two lifts: the bottom lift was placed using plain portland cement 195 














lifts were placed in a wet-on-wet process and the surface of  the first layer was tined before 197 
placing the second to ensure a good bond between th two layers. 198 
As seen in Figure 3, temperature sensors were embedded within both ECON and plain 199 
concrete layers of the test slab. Sensor locations are hown as S1, S2, and S3 in Figure 3; at each 200 
of the three locations, one sensor was placed in the mid-depth of each layer. To test the snow 201 
melting ability, the slab was placed in a temperature control chamber at sub-zero (Celsius) 202 
temperatures and uniformly covered with a 6-cm layer of compacted snow. 60 Hz AC was then 203 
applied to the electrodes. The power absorption, defined as energy dissipated per unit time, was 204 
calculated by multiplying voltage and current. Power d nsity, defined as power absorption per 205 
unit area of the slab, was also calculated. The effici ncy of the conversion of electrical energy to 206 
heat in the ECON layer, i.e. output heat energy as a percentage of the input electrical energy, was 207 
calculated using unit weight and the specific heat capacity of the mixture. The amount of energy 208 
converted into heat was obtained from time-temperature data according to equation 1: 209 
 = (∑ ( − 
))

                                                               (Equation 1) 210 
Where, Q is the energy in Joules, M is the mass of the conductive layer in kg, C is the 211 
specific heat capacity of ECON in J/kg.K, t is the otal duration of snow melting in minutes, and 212 
T is the temperature in Kelvin.  The heat distribution on the slab surface was monitored with a 213 
thermal imaging system over a one-hour heating test.    214 
3 Results and Discussion 215 
The results of electrical conductivity (σ) measurements in cementitious paste and mortar 216 
specimens are given in Table 7 and Figure 4. As seen in the figure, the data exhibited a so-called 217 
S-curve for both composites. The upper limit of percolation transition zone, or the top of the S-218 
curve, is identified as the optimum fiber dosage rat [37, 75, 77]. Note that the lower limit of 219 
percolation transition zone was shifted upward by addition of sand to the mixture. This can be 220 
attributed to double percolation effect in  that fiber needs to form a continuous path between the 221 
cement and the sand particles [59]. Based on the mix proportions (Table 4) and Figure 4, the 222 
percolation of the paste-fiber composite within the mortar matrix requires a sand-to-paste volume 223 














seen in Figure 4, 1.00 % fiber content in both paste nd mortar composites corresponds to 225 
percolated system. 226 
The results of the percolation determination tests in concrete are presented in Table 8 and  227 
Figure 5.  It was found that using early-age measurement results for determination of optimum or 228 
required fiber dosage in concrete would be misleading and would result in unduly excessive 229 
consumption of carbon fiber. Due to sustainability considerations, excessive carbon fiber 230 
consumption is not desirable [28,37,75]. Therefore, care must be taken to determine the optimum 231 
carbon fiber dosage at a mature age.  232 
It can be observed in Figure 5, that the curve is dependent on sample age in that electrical 233 
conductivity becomes less sensitive to variation of fiber content as the concrete gets older. This 234 
reveals that electrical conductivity of carbon fiber- ased concrete at early ages is a poor indicator 235 
of the fiber network formation due to the influence of pore structure on conductivity at early 236 
hydration ages [75]. As seen in Figure 5 the percolation transition zone in concrete cannot be 237 
determined using early-age results, since the conductivity continues to increase with fiber dosage 238 
without exhibiting the low-slope zone. While, at ages later than 28 days the curves start to 239 
acquire the S-shape until they exhibit a well-defind percolation transition zone between 0.5% 240 
and 0.75% and optimum fiber dosage at 0.75%. The percolation threshold in concrete 241 
experienced a slight downward shift compared to the percolation range derived from paste and 242 
mortar tests. This can be attributed to increased fiber concentration within cement paste matrix 243 
and mortar matrices by incorporation of coarse aggre ates [65]. 244 
As indicated in Figure 5 with increasing hydration, the curves became closer to each 245 
other. This conveys the important message that the rate of conductivity decrease slows with time. 246 
Therefore, if the ECON provides acceptable resistive heating performance over a quasi-long-247 
term period (460 days age in this research), the risk of inadequate performance of HPS at later 248 
ages is reduced.  249 
Compressive strength measurements of cylindrical ECON specimens (Table 9) showed 250 
that all specimens satisfied the design compressive trength requirements. ECON samples that 251 
contained carbon fiber in the percolation range gave better strength performance especially at 7 252 
days. When fiber content was equal to the lower limit of percolation transition zone, the concrete 253 














when they start to form a network but the fiber concentration is not yet high enough to introduce 255 
defects within the concrete. Strength increased by 23-31% between 7 and 28 days.  Unlike 256 
normal concrete in which electrical resistivity has a direct relation to compressive strength [78], 257 
no relationship between electrical resistivity and strength could be made.   Strength is largely 258 
controlled by the void system while pore chemistry and percolation of fibers have more 259 
significant effects on electrical resistivity.  260 
Figure 6 shows the temperature distribution in both ECON and PCC layers obtained from 261 
the model.  As revealed by the figure, higher temperatures were achieved at the center of the 262 
slab. The temperature distribution given by the model is important because it addresses the 263 
concern about heat concentration at the electrodes and shows that the temperature distribution 264 
over the surface is likely to be uniform with this system design. This could be considered as an 265 
advantage of ECON HPS over the use of heating elements embedded inside the concrete, which 266 
may be prone to non-uniform heating. 267 
Figure 7 and Figure 8 respectively present the time- emperature profiles during melting 268 
tests at 28 and 460 days of age. As the figures reveal, at 460 days, it took 1.25 times longer to 269 
melt the snow layer. While the applied voltage in the 460-day test (118 V) was higher than that 270 
used in the 28-day age (81.2 V), the electric current through the slab was still smaller (see Table 271 
10). This behavior could be attributed to the increased electrical resistivity of ECON. As shown 272 
in Table 10, power absorption and power density at he slab surface were increased by 18% from 273 
28 to 460 days which indicates higher energy demand to raise the surface temperature. As seen 274 
in the table, energy conversion efficiency decreased from 66% at 28 days to 50% at 460 days of 275 
age.   276 
The increase of energy requirement for snow melting with concrete age causes a concern 277 
about the long-term performance of the system. The Am rican Society of Heating, Refrigerating 278 
and Air Conditioning Engineers (ASHRAE) has specifid an upper limit of 1.3 kW/m2  for 279 
power density on heated pavement systems for snow melting [73]. While the power density at 280 
both ages still lay below this maximum limit, the power density at 460 days (1.27 kW/m2) was 281 
only marginally lower than that. Therefore, there is a concern that energy consumption grows 282 
above acceptable limits during the service life. Such performance deficiencies can be caused by 283 














that the optimum carbon fiber volume fraction determined as the upper limit of percolation 285 
transition zone is a conductivity-based measurement, while, the heating performance-based 286 
carbon fiber dosage rate may be higher to ensure that energy consumption for snow melting stays 287 
sufficiently lower than the specification limits during the entire service life.  288 
It is inferred from temperature profiles that a heat flux occurs between ECON layer and 289 
PCC layer, as the temperature change in the PCC and ECON layers followed the same overall 290 
trend. Hence, a portion of the heat loss that is responsible for the decrease of electrical energy 291 
conversion efficiency may be attributed to the heat flux between the ECON and the underlying 292 
PCC layer. The temperature distribution on the slaburface from the thermal imaging system 293 
(Figure 9) validates the FE model predicting that te highest temperatures were expected at the 294 
mid-span of the slab between the two electrodes. Figure 10 presents the comparison of FE 295 
model-predicted and measured temperatures at the cent r of ECON layer at the age of 28 days. 296 
The acceptable match between the predicted and measured values of temperature indicates the 297 
validity of the modeling approach for evaluation of system design. The divergence between the 298 
model and the measurements around the 95th minute can be attributed to the evaporation of the 299 
melt water on the slab (discussed in the above) which was not accounted for by the model. 300 
4 Conclusion and Recommendations 301 
Carbon fiber was incorporated into the concrete to prepare electrically conductive concrete 302 
(ECON) for heated pavement systems (HPS) application. Quasi-long-term electrical conductivity 303 
evolution and heating performance variation were studied to determine the optimum carbon fiber 304 
dosage and investigate the energy consumption efficiency of the ECON HPS. The system design 305 
was evaluated with finite element (FE) modeling approach and the ice/snow melting ability of 306 
the produced ECON was experimentally studied. The key findings of the study were as follows:  307 
• Measurement of the variation of electrical conductivity with fiber content in different 308 
types of cementitious composites (paste, mortar, and co crete) showed that percolation 309 
transition occurred when fiber volume dosage was betwe n 0.25% and 1% in paste, 0.6% 310 
and 1% in mortar, and 0.5% and 0.75% in concrete.  311 
• Electrical conductivity of ECON decreases dramatically with age up to 150 days. The 312 














• Optimum carbon fiber dosage in concrete with respect to electrical conductivity of 28 314 
days-old concrete was 0.75% (Vol.); this fiber content refers to the upper limit of 315 
percolation transition zone.  316 
• Carbon fiber dosage required to maintain acceptable energy consumption by the ECON 317 
heated pavement during the whole service life is higher than optimum dosage (0.75% 318 
Vol.).  Recommended carbon fiber dosage rate with respect to heating performance is 1% 319 
(Vol.).  320 
• The finite element model (FE) was found to be a viable means of evaluating the ECON 321 
HPS system design and configurations. The predicted results were similar to the 322 
experimental results. Both the FE model and experimental results showed that the heat 323 
distribution was acceptably uniform at the slab surface. 324 
• Energy conversion efficiency exhibited a reduction from 66% at 28-day age to 50% at 325 
460 days. At both ages the prototype ECON heated pavement system provided acceptable 326 
power density demand for snow melting.  327 
• A considerable heat flux was observed from the ECON layer towards the underlying PCC 328 
layer. Insulating the ECON-PCC interface or using PCC with low thermal conductivity 329 
(e.g. light weight concrete) is recommended to improve energy consumption efficiency.  330 
Future studies can consider the application of recycl d carbon fibers to make the production 331 
of ECON environmentally and economically more attrac ive. It is recommended to perform life 332 
cycle assessment (LCA) analyses to investigate the carbon footprint of the ECON HPS under 333 
various combinations of production and operation scenarios. LCA analyses can compare ECON 334 
HPS with hydronic systems and traditional pavement d icing methods or compare the recycled 335 
fiber-based with virgin fiber-based ECON. Furthermoe, optimum scenarios for production and 336 
application of each deicing method can be identified by LCA analyses.  337 
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Figure 1. Illustration of an electrically heated concrete pavement system. 
Figure 2. Elements of the finite element model of ECON test slab having ECON layer on top and 
regular concrete on bottom. 
Figure 3. Schematic presentation of the prototype slab. 
Figure 4. Variation of electrical conductivity by fiber content in cementitious paste and mortar. 
Figure 5. Variation of electrical conductivity by fiber content for ECON samples at different 
ages. 
Figure 6. Temperature distribution in the ECON HPS computed by FE model. 
Figure 7. Temperature profile of ECON system during snow melting at 28-day age. 
Figure 8. Temperature profile of ECON system during snow melting at 460-day age. 
Figure 9. Thermal image of prototype slab after one minute (a) and 60 minutes (b) of electric 
heating. 






















Manufacturer/Supplier  Specification Standard 
Cement 3.15 N.A. Holcim Type I/II ASTM C 150 





ASTM C 618 
Coarse aggregate 2.67 1.4 





ASTM C 33 
Fine aggregate 2.62 1.7 
Martin Marietta, Ames, 
Iowa 
Natural sand ASTM C 33 
Carbon fiber 1.81 7.3 Zoltek PAN-based N.A. 
Methylcellulose 2.66 N.A.  





Water reducing agent 1.05 N.A.  BASF 
Type F, High-
range 
ASTM C 494 






















SiO2 20.10 52.10 
Al2O3 4.44 16.00 
Fe2O3 3.09 6.41 
CaO 62.94 14.10 
MgO 2.88 4.75 
SO3 3.18 0.59 
K2O 0.61 2.36 
Na2O 0.10 1.72 















Table 3. Volumetric mixing proportions of carbon fiber-containing paste samples. 
Mix 
component   Volumetric mixing proportions ( % total volume of the mix) 
Carbon fiber 0.00 0.25 0.40 0.50 0.60 0.75 0.90 1.00 1.25 1.50 1.75 2.00 2.50 3.00 
Portland 
Cement  
33.52 33.44 33.39 33.36 33.32 33.27 33.22 33.19 33.10 33.02 32.94 32.85 32.69 32.52 
Fly ash 10.56 10.53 10.52 10.51 10.50 10.48 10.46 10.45 10.43 10.40 10.38 10.35 10.30 10.24 















Table 4. Volumetric mixing proportions of carbon fiber-containing mortar samples. 
Mix component   Volumetric mixing proportions ( % total volume of the mix) 
Carbon fiber 0.00 0.25 0.40 0.50 0.60 0.75 0.90 1.00 1.25 1.50 1.75 2.00 2.50 3.00 
Sand 52.38 52.25 52.17 52.12 52.07 51.99 51.91 51.86 51.73 51.60 51.46 51.33 51.07 50.81 
Cement 15.96 15.92 15.90 15.88 15.87 15.84 15.82 15.80 15.76 15.72 15.68 15.64 15.56 15.48 
Fly ash 5.03 5.02 5.01 5.00 5.00 4.99 4.98 4.98 4.97 4.95 4.94 4.93 4.90 4.88 
Water 26.63 26.56 26.52 26.49 26.47 26.43 26.39 26.36 26.29 26.23 26.16 26.09 25.96 25.83 
Sand/Paste 
(Vol.) 



















Table 5. Volumetric and mass mixing proportions of  ECON samples. 
Mix component Volumetric fraction ( % total volume of the mix) 
Coarse aggregate 40.04 40.04 40.04 40.04 40.04 
Fine aggregate 32.16 31.99 31.78 31.49 31.37 
Cement 9.28 9.28 9.28 9.28 9.28 
Fly ash 2.92 2.92 2.92 2.92 2.92 
Water 15.47 15.47 15.47 15.47 15.47 
Carbon fiber 0.00 0.25 0.50 0.75 1.00 
Fiber-dispersive agent 0.06 0.06 0.06 0.06 0.06 
sand/paste (Vol.) 1.16 1.14 1.13 1.11 1.09 
Coarse/Fine (Vol.) 1.25 1.25 1.26 1.27 1.28 
  
Mix component Mass proportions (Kg/m3) 
Coarse aggregate 1,069 1,069 1,069 1,069 1,069 
Fine aggregate 843 838 833 825 822 
Cement 292 292 292 292 292 
Fly ash 73 73 73 73 73 
Water 155 155 155 155 155 
Carbon fiber 0 5 9 14 18 
Fiber-dispersive agent 2 2 2 2 2 















Table 6. Mixing Proportions of Plain PCC for heated slab. 
Materials Description Kg/m3 
Coarse aggregate Limestone (SSD) 1,022 
Fine aggregate Natural sand (SSD) 653 
Fly ash Class F 72 
Cement type I/II 289 


























σ (S/cm) SD   σ (S/cm) SD 
0.00 9.15E-03 2.12E-04 
 
8.81E-04 1.94E-05 
0.25 2.38E-02 2.51E-03 
 
1.80E-03 2.62E-04 
0.40 5.41E-02 4.59E-03 
 
1.83E-03 2.50E-04 
0.50 8.15E-02 8.12E-03 
 
1.89E-03 2.50E-04 
0.60 1.04E-01 4.94E-03 
 
2.02E-03 2.81E-04 
0.75 1.34E-01 5.70E-03 
 
3.88E-03 3.42E-04 
0.90 1.70E-01 2.07E-03 
 
6.54E-03 3.16E-04 
1.00 1.91E-01 6.47E-03 
 
7.93E-03 4.62E-04 
1.25 2.21E-01 1.59E-02 
 
9.48E-03 3.53E-04 
1.50 2.37E-01 1.26E-02 
 
1.00E-02 4.15E-04 
1.75 2.40E-01 5.24E-03 
 
1.09E-02 4.44E-04 
2.00 2.41E-01 5.49E-03 
 
1.13E-02 4.76E-04 
2.50 2.43E-01 2.61E-02 
 
1.23E-02 5.62E-04 















Table 8. Electrical conductivity of concrete specimens at different carbon fiber dosages and ages. 
Age (days) Parameter 
Carbon fiber dosage (% Vol.) 
0.00 0.25 0.50 0.75 1.00 
3 
σ (S/cm)  5.00E-04 3.77E-03 5.08E-03 2.63E-02 6.85E-02 
SD 7.45E-05 9.90E-04 9.70E-04 1.47E-03 1.48E-03 
7 
σ (S/cm)  4.51E-04 3.45E-03 4.33E-03 2.04E-02 5.56E-02 
SD 5.74E-05 9.11E-04 9.81E-04 8.14E-04 7.14E-04 
28 
σ (S/cm)  1.32E-04 3.37E-03 4.19E-03 1.86E-02 3.80E-02 
SD 4.92E-05 1.11E-03 1.11E-03 7.03E-04 7.18E-04 
56 
σ (S/cm)  7.89E-05 2.97E-03 3.83E-03 1.77E-02 3.03E-02 
SD 5.24E-05 1.05E-03 1.07E-03 2.34E-03 2.34E-03 
90 
σ (S/cm)  5.07E-05 2.90E-03 3.58E-03 1.67E-02 2.38E-02 
SD 5.88E-06 1.20E-03 1.16E-03 2.15E-03 2.15E-03 
150 
σ (S/cm)  3.77E-05 2.15E-03 2.70E-03 1.43E-02 1.63E-02 
SD 5.88E-06 9.72E-04 9.59E-04 2.23E-03 2.24E-03 
209 
σ (S/cm)  3.13E-05 1.75E-03 2.17E-03 1.32E-02 1.39E-02 
SD 1.24E-06 1.08E-03 1.06E-03 2.75E-03 2.76E-03 
460 
σ (S/cm)  1.35E-05 1.59E-03 1.88E-03 1.22E-02 1.25E-02 















Table 9. Compressive Strength of ECON Samples at Ages of 7 and 28 Days. 
 
  
CF content (% Vol.) 









0.50 30 39 
0.75 30 38 













Table 10. Energy and power requirements for melting 6 cm-thick compacter snow layer. 
 



































28 81.20 11.70 0.95 1.08 1.60 1.72 5472 3610 66 





























































































Carbon Fiber-based Electrically Conductive Concrete for Salt-free Deicing of Pavements 
Alireza Sassani, Ali Arabzadeh, Halil Ceylan, Sunghwan Kim, S.M. Sajed Sadati, 




• Optimum carbon fiber content in electrically conductive portland cement concrete 
(ECON) is age-dependent  
• Electrical conductivity of ECON decreases dramatically with age up to 150 days  
• The service life of an ECON heated pavement depends on the initial value and the growth 
rate of conductivity 
• ECON can be effectively used to melt ice/snow on pavements with acceptable energy 
demand  
• The performance of an ECON heated pavement system can be evaluated by finite 
element (FE) modeling 
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